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Figure 1. Location of Marcellus shale in the northeastern United States. Location of Marcellus wells (dots) drilled from July
2009 to June 2010 and total Marcellus shale wells in New York and West Virginia. There are 4064 wells shown in Pennsylvania,
48 wells in New York, and 1421 wells in West Virginia. Faulting in the area is documented by PBTGS (2001), Isachsen and

McKendree (1977), and WVGES (2011, 2010a, 2010b).

2006) have found more gas in water wells near areas
being developed for unconventional NG, documenting the
source can be difbcult. One reason for the difbculty is
the different sources; thermogenic gas is formed by com-
pression and heat at depth and bacteriogenic gas is formed
by bacteria breaking down organic material (Schoell
1980). The source can be distinguished based on both
C and H isotopes and the ratio of methane to higher chain
gases (Osborn and Mclntosh 2010; Breen et al. 2007).
Thermogenic gas can reach aquifers only by leaking from
the well bore or by seeping vertically from the source.
In either case, the gas must Bow through potentially very
thick sequences of sedimentary rock to reach the aquifers.
Many studies which have found thermogenic gas in water
wells found more gas near fracture zones (DiGiulio et al.
2011; Osborn et al. 2011; Breen et al. 2007), suggesting
that fractures are pathways for gas transport.

A pathway for gas would also be a pathway for Bu-
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2011; EPA 1987), although the exact source and pathways
had not been determined. With the increasing development
of unconventional NG sources, the risk to aquifers could
be increasing. With so little data concerning the movement
of contaminants along pathways from depth, either from
wellbores or from deep formations, to aquifers, conceptual
analyses are an alternative means to consider the risks.
The intent of this study is to characterize the risk
factors associated with vertical contaminant transport
from the shale to near-surface aquifers through natural
pathways. 1 consider Prst the potential pathways for
contaminant transport through bedrock and the necessary
conditions for such transport to occur. Second, I estimate
contaminant travel times through the potential pathways,
with a bound on these estimates based on formation
hydrologic parameters, using interpretative MODFLOW-
2000 (Harbaugh et al. 2000) computations. The modeling
does not, and cannot, account for all of the complexmes
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1290 kg/m3, or more than 29% higher than freshwater.
The upward force would equal the difference in weight
between the injected Buid and displaced brine. As an
example, if 10,000,000 L does not return to the surface as
Bowback (Jehn 2011), the difference in mass between the
volume of fracking Buid and displaced brine is approxi-
mately 3,000,000 kg, which would cause an initial upward
force. The density difference would dissipate as the salt
concentration in the fracking Buid increases due to diffu-
sion across the boundary between the Buid and the brine.

In just Pennsylvania, more than 180,000 wells had
been drilled prior to any requirement for documenting
their location (Davies 2011), therefore the location of
many wells is unknown and some have probably been
improperly abandoned. These pathways connect aquifers
through otherwise continuous aquitards; overpressuriza-
tion of lower aquifers due to injection near the well
pathway could cause rapid transport to higher aquifers
(Lacombe et al. 1995). In the short fracking period, the
region that is overpressurized remains relatively close to
the gas well (see modeling analysis below), therefore it
should be possible for the driller to locate nearby aban-
doned wells that could be affected by fracking. This article
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shale (Fisher and Warpinski 2011). These fractures could
contact higher conductivity sandstone, natural fractures, or
unplugged abandoned wells above the target shale. Also,
Buids could reach surrounding formations just because of
the volume injected into the shale, which must displace
natural Buid, such as the existing brine in the shale.

Analysis of Potential Transport along Pathways

Fracking could cause contaminants to reach overlying
formations either by fracking out of formation, connecting
fractures in the shale to overlying bedrock, or by
simple displacement of Buids from the shale into the
overburden. Advective transport, considered as simple
particle velocity, will manifest if there is a signibcant
vertical component to the regional hydraulic gradient.

Numerical modeling, completed with the MODF
LOW-2000 code (Harbaugh et al. 2000), provides Bex-
ibility to consider potential conceptual Bow scenarios, but
should be considered interpretative (Hill and Tiedeman
2007). The simulation considers the rate of vertical trans-
port of contaminants to near the surface for the different
conceptual models, based on an expected, simplibed, real-
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to be 6-m thick. The fault is an attempt at considering
fracture Bow, but the simulation treats the 6-m wide fault
zone as homogeneous, which could underestimate the real
transport rate in fracture-controlled systems which could
be highly affected by dispersion. The simulation also
ignores diffusion between the fracture and the adjacent
shale matrix (Konikow 2011).

There are bve conceptual models of Bow and trans-
port of natural and post-fracking transport from the level
of the Marcellus shale to the near-surface to consider
herein:

1. The natural upward advective Bow due to a head
drop of 30 m from below the Marcetlus shale to the
ground surface, considering the variability in both shale
and overburden K. This is a steady state solution for
upward advection through a 30-m thick shale zone
and 1500-m overburden. Table 1 shows the chosen K
values for shale and sandstone.

2. Same as number 1, but with a vertical fracture
connecting the shale with the surface, created using
a high-conductivity zone in a row of cells extending
through all from above the shale to the surface. This
emulates the conceptual model postulated for Bow into
the alluvial aquifers near stream channels, the location
of which may be controlied by faults (Williams et al.
1998). The fault K varies from 10 to 1000 times the
surrounding bulk sandstone K (K.

3. This scenario tests the effect of extensive fracturing
in the Marcellus shale by increasing the shale K
(Kg) from 10 to 1000 times its native value over
an extensive area. This transient solution starts with
initial conditions being a steady state solution from
scenario 1. The K, increases from 10 to 1000 times
at the beginning of the simulation, to represent the
relatively instantaneous change on the regional shale
hydrogeology imposed by the fracking. The simulation
estimates both the changes in Sux and the time for the
system to reach equilibrium.

4. As number 3, considering the effect of the same
changes in shale properties but with a fault as in
number 2.

5. This scenario simulates the actual injection of 13 to
17 million liters of Buid in 5 d into fractured shale
from a horizontal well with and without a fault.

Model Setup

The model domain was 150 rows and columns spaced
at 3 m to form a 450-m square (Figure 2) with 50 layers
bounded with no Bow boundaries. The 30-m thick shale
was divided into 10 equal thickness layers from layer 40
to 49. The overburden layer thickness varied from 3 m
just above the shale to layer 34, 6 m from layer 33 to 29,
9m from layer 28 to 26, 18 m in layer 25, 30 m from
layer 24 to 17, 60 m from layer 16 to 6, 90 m from layer
5to 3, and 100 m in layers 2 and 1. A 6-m wide column
from layer 39 to the surface is added for some scenarios
in the center two rows to simulate a higher K fault.
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Table 1
Sandstone (ss) and Shale (sh) Conductivity (K)
(m/d) and the Steady State Flux (m3/d) for Model
1 Scenarios
Flux K K
1.7 0.1 0.00001
1.8 0.5 0.00001
1.9 1 0.00001
1.9 5 0.00001
2.0 10 0.00001
2.0 50 0.00001
2.0 100 0.00001
1.7 0.1 0.00001
9.5 0.1 0.00005
19.0 0.1 0.0001
81.2 0.1 0.0005
135.9 0.1 0.001
291.5 0.1 0.005
340.9 0.1 0.01
394.3 0.1 0.05
401.8 0.1 0.1
409.2 0.1 0.5
40.7 0.001 0.1
186.0 0.005 0.1
339.1 0.01 0.1
988.3 0.05 0.1
1297.3 0.1 0.1
1748.0 0.5 0.1
1826.1 1 0.1
1902.8 5 0.1
1915.4 10 0.1
338.3 0.1 0.01
984.1 0.5 0.01
1292.5 1 0.01
1731.5 5 0.01
1816.0 10 0.01
17.4 1 0.0001
86.3 1 0.0005
176.7 1 0.001
775.1 1 0.005
1292.5 1 0.01
2746.8 1 0.05
3183.2 1 0.1
3650.5 1 0.5
3719.9 1 1

The model simulated vertical Bow between constant
head boundaries in layers 50 and 1, as a source and
sink, so that the overburden and shale properties control
the Bow. The head in layers 50 and 1 was 1580 and
1550 m, respectively, to create a gradient of 0.019 over
the proble. Varying the gradient would have much less
effect on transport than changing K over several orders
of magnitude and was therefore not done.

Scenario 5 simulates injection using a WELL bound-
ary in layer 44, essentially the middle of the shale, from
columns 25 to 125 (Figure 2). It injects 15 million liters
over one 5-d stress period, or 3030 m?/d into 101 model
cells at the WELL. The modeled Ky, was changed to its
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Figure 2. Model grid through layer 44 showing the horizon-
tal injection WELL (red) and DRAIN cells (yellow) used to
simulate flowback. There is only one monitoring well because
the off-center well is not used in layer 44.

assumed fracked value at the beginning of the simula-
tion. Simulating high rate injection generates very high
heads in the model domain, similar to that found sim-
ulating oil discharging from the well in the Deepwater
Horizon crisis (Hsieh 2011) and water quality changes
caused by underground coal gasibcation (Contractor and
El-Didy 1989). DRAIN boundaries on both sides of the
WELL simulated return Bow for 60 d after the completion
of (Figure 2), after which the DRAIN was deactivated.
The 60 d were broken into four stress periods, 1, 3, 6, and
50 d long, to simulate the changing heads and Bow rates.
DRAIN conductance was calibrated so that 20% of the
injected volume returned within 60 d to emulate standard
industry practice (Alleman 2011; NYDEC 2009). Recov-
ery, continuing relaxation of the head at the well and the
adjustment of the head distribution around the domain,
occurred during the sixth period which lasted for 36,500 d.
There is no literature guidance to a preferred value
for fractured shale storage coefbcient, so I estimated S
with a sensitivity analysis using scenario 3. With fractured
Ky, equal to 0.001 m/d, two orders of magnitude higher
than the in situ value, the time to equilibrium resulting
from simulation tests of three fractured shale storage
coefbeients, 1073, 1073, and 10~7/m, varied twofold
(Figure 3). The slowest time to equilibrium was for S =
1073/m (Figure 3), which was chosen for the transient
simulations because more water would be stored in the
shale and Bow above the shale would change the least.

Results

Scenario 1
Table 1 shows the conductivity and Bux values
for various scenarios. The steady state travel time
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Figure 3. Sensitivity of the modeled head response to the
storage coefficient used in the fractured shale for model layer
39 just above the shale.

for a particle through 1500 m of sandstone and shale
equilibrates with one of the formations controlling the
advection (Figure 4). For example, when the K, equals
1 x 1073 m/d, transport time does not vary with K. For
K at 0.1 m/d, transport time for varying K, ranges from
40,000 to 160 years. The lower travel time estimate is for
Ky similar to that found by Schulze-Makuch et al. (1999).
The shortest simulated transport time of about 20 years
results from both the sandstone and shale K equaling
1 m/d. Other sensitivity scenarios emphasize the control
exhibited by one of the media (Figure 4). If Ky, is low,
travel time is very long and not sensitive to K.

Scenario 2

The addition of a fault with K one to two orders of
magnitude more conductive than the surrounding sand-
stone increased the particle travel rate by about 10 times
(compare Figure 5 with Figure 4). The fault K controlied
the transport rate for Kg, less than 0.01 m/d. A highly
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Figure 4. Sensitivity of particle ftransport time over
1500 m for varying shale and sandstone vertical K.
Effective porosity equals 0.1. (1)—varying K., Ky =
1075 m/d; (2)—varying K, K = 0.1 m/d; (3)—varying
K, Kg = 0.1 m/d; (4)—varying K, Ky = 0.01 m/d; and
(§)—varying K, Ky = 1.0 m/d.
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Figure 5. Variability of transport through various scenarios
of changing the K for the fault or shale. Effective porosity
equals 0.1. (1)—varying K, K¢ = 0.01 m/d; (2)—varying
Ky, K = 0.1 nvd; (3)—no fault; (4)—varying K fault,
Kg = 0.1 m/d, K, = 0.01 m/d. Unless specified, the vertical
fault has K = 1 m/d fer variable K.

conductive fault could transport Buids to the surface in
as little as a year for Ky, equal to 0.01 m/d (Figure 5).
However, a fault did not signibcantly change the overall
model Bux, so with fault values are not shown in Table 1.

Scenarios 3 and 4

Scenarios 3 and 4 estimate the time to establish a
new equilibrium once the K, changes, due to fracking,
between values specibed in scenarios 1 and 2. Equilibrium
times vary by model layer as the changes propagate
through the domain, and Bux rate for the simulated
changes imposed on natural background conditions. The
fracking-induced changes cause a signibcant decrease in
the head drop across the shale and the time for adjustment
of the potentiometric surface to a new steady state depends
on the new shale properties.

The time to equilibrium for one scenario 3 simulation,
Kg changing from 107° to 1072 m/d with K equal
to 0.1 m/d, varied from 5.5 to 6.5 years, depending
on model layer (Figure 6). Near the shale (layers 39
and 40), the potentiometric surface increased from 23
to 25 m reBecting the decreased head drop across the
shale. One hundred meters higher, in layer 20, the
potentiometric surface increased about 20 m. Simulation
of scenario 4, with a fault with K = 1 m/d, decreased
the time to equilibrium to from 3 to 6 years within the
fault zone, depending on model layer (Figure 6). Highly
fractured sandstone would allow more vertical transport,
but advective Bow would also increase so that the base
K, would control the overall rate.

The Bux across the upper boundary changed within
100 years for scenario 3 from 1.7 to 345 m%/d, or
0.000008 to 0.0017 m/d, reBecting control by K. There
is little difference in the equilibrium Buxes between
scenario 3 and 4 indicating that the fault primarily affects
the time to equilibrium rather than the long-term Bow rate.
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Figure 6. Monitering well water levels for specified model
layers due to fracking of the shale; monitor well in the center
of the domain, including in the fault, K of the shale changes

from 0.00001 to 0.01 m/d at the beginning of the simulation.

Scenario 5: Simulation of Injection

The injection scenarios simulate 15 million liters
entering the domain at the horizontal well and the
subsequent potentiometric surface and Bux changes
throughout. The highest potentiometric surface increases
(highest injection pressure) occurred at the end of injec-
tion (Figure 7), with a 2400 m increase at the horizontal
well. The simulated peak pressure both decreased and
occurred longer after the cessation of injection with dis-
tance from the well (Figures 7 and 8). The pressure at
the well returned to within 4 m of pre-injection levels in
about 300 d (Figure 7). After injection ceases, the peak
pressure simulated further from the well occurs longer
from the time of cessation, which indicates there is a pres-
sure divide beyond which Buid continues to Bow away
from the well bore while within which the Buid Bows
toward the well bore. The simulated head returned to
near pre-injection levels slower with distance from the
well (Figure 7), with levels at the edge of the shale (layer
40) and in the near-shale sandstone (layer 39) requir-
ing several hundred days to recover. After recovering
from injection, the potentiometric surface above the shale
increased in response to Bux through the shale adjusting to
the change in shale properties (Figure 8), as simulated in
scenario 3. The scenario required about 6000 d (16 years)
for the potentiometric surface to stabilize at new, higher,
levels (Figure 8). Removing the fault from the simulation
had little effect on the time to stabilization, and is not
shown.

Prior to injection, the steady Bux for in situ shale
(Kg = 107° m/d) was generally less than 2 m%/d and
varied little with K (Figure 4). Once the shale was
fractured, the sandstone controlled the Bux which ranges
from 38 to 135 m3/d as K ranges from 0.01 to 0.1 m/d
(Figure 9), resulting in particle travel times of 2390 and
616 years, respectively. More conductive shale would
allow faster transport (Figure 4). Adding a fault to the
scenario with K equal to 0.01 m/d increased the Bux to
approximately 63 m3/d and decreased the particle travel
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Figure 7. Simulated potentiometric surface changes by layer
for specified injection and media properties. The monitoring
point is in the center of the domain. Fault is included. Ky =
0.01 m/d, Ky = 0.001 m/d. S (fractured shale) = 0.001/m,
8§ (ss) = 0.0001/m.
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Figure 8. Simulated potentiometric surface changes for lay-
ers within the shale and sandstone. CW is center moni-
toring well and EW is east monitoring well, about 120 m
from the centerline. Fault is included. The line for layer
2, CW plots beneath the line for layer 2, EW. K, =
0.01 m/d, Ky = 0.001 m/d, § (fractured shale) = 0.001/m,
8§ (ss) = 0.0001/m.

time to 31 years. Approximately, 36 m*/d Bowed through
the fault (Figure 9). The fault properties control the
particle travel time, especially if the fault K is two or
more orders of magnitude higher than the sandstone.

Simulated Bowback varied little with Ky, because it
had been calibrated to be 20% of the injection volume.
A lower storage coefbcient or higher K would allow the
injected Buid to move further from the well, which would
lead to less Bowback.

Vertical Bux through the overall section with a fault
varies signibcantly with time, due to the adjustments in
potentiometric surface. One day after injection, vertical
Bux exceeds signibPcantly the pre-injection fBux about
200 m above the shale (Figure 10). After 600 d, the
vertical Bux near the shale is about 68 m?/d and in
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Figure 9. Comparison of flux for three scenaries. Flowback
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Figure 10. Upward flux across the domain section as a
function of distance above the top of the shale layer. Creoss
section is 202,500 m>.

layer 2 about 58 m®/d; it approaches steady state through
all sections after 100 years with Bux equaling about
62.6 m3/d. The 100-year Bux is 61.5 m®/d higher than
the pre-injection Bux because of the changed shale
propetties.

Discussion

The interpretative modeling completed herein has
revealed several facts about fracking. First, MODFLOW
can be coded to adequately simulate fracking. Simulated
pressures are high, but velocities even near the well do
not violate the assumptions for Darcian Bow. Second,
injection for 5 d causes extremely high pressure within
the shale. The pressure decreases with distance from the
well. The time to maximum pressure away from the well
lags the time of maximum pressure at the well. The
pressure drops back to close to its pre-injection level
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at the well within 300 d, indicating the injection affects
the Bow for signibcantly longer periods than just during
the fracking operation. Although the times may vary
based on media properties, the difference would be at
most a month or so, based on the various combinations
of properties simulated. The system transitions within
6 years due to changes in the shale properties. The
equilibrium transport rate would transition from a system
requiring thousands of years to one requiring less than
100 years within less than 10 years.

Third, most of the injected water in the simulation
Bows vertically rather than horizontally through the shale.
This reBects the higher K¢ 20 m above the well and the no
Bow boundary within 225 m laterally from the well, which
emulates in situ shale properties that would manifest at
some distance in the shale.

Fourth, the interpretative model accurately and real-
istically simulates long-term steady state Bow conditions,
with an upward Bow that would advect whatever conser-
vative constituents exist at depth. Using low, unfractured
K values, the transport simulation may correspond with
advective transport over geologic time although there are
conditions for which it would occur much more quickly
(Figure 4). If the Ky, is 0.01 m/d, transport could occur
on the order of a few hundreds of years. Faults through the
overburden could speed the transport time considerably.
Reasonable scenarios presented herein suggest the travel
time could be decreased further by an order of magnitude.

Fifth, fracking increases the Ky, by several orders
of magnitude. Out-of-formation fracking (Fisher and
Warpinski 2011) would increase the K in the overburden,
thereby changing the regional hydrogeology. Vertical Bow
could change over broad areas if the expected density
of wells in the Marcellus shale region (NYDEC 2009)
actually occurs.

Sixth, if newly fractured shale or out-of-formation
fractures come close to contacting fault fracture zones,
contaminants could reach surface areas in tens of years,
or less. Faults can decrease the simulated particle travel
time several orders of magnitude.

Conclusion

Fracking can release Buids and contaminants from
the shale either by changing the shale and overburden
hydrogeology or simply by the injected Buid forcing other
Buids out of the shale. The complexities of contaminant
transport from hydraulically fractured shale to near-
surface aquifers render estimates uncertain, but a range
of interpretative simulations suggest that transport times
could be decreased from geologic time scales to as
few as tens of years. Preferential Bow through natural
fractures fracking-induced fractures could further decrease
the travel times to as little as just a few years.

There is no data to wverify either the pre- or
post-fracking properties of the shale. The evidence for
potential vertical contaminant Bow is strong, but there
are also almost no monitoring systems that would
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detect contaminant transport as considered herein. Several
improvements could be made.

 Prior to hydraulic fracturing operations, the subsurface
should be mapped for the presence of faults and
measurement of their properties.

+ A reasonable setback distance from the fracking to
the faults should be established. The setback distance
should be based on a reasonable risk analysis of fracking
increasing the pressures within the fault.

» The properties of the shale should be veribed, post-
fracking, to assess how the hydrogeology will change.

< A system of deep and shallow monitoring wells and
piezometers should be established in areas expect-
ing signibcant development, before that development
begins (Williams 2010).
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